Binding-induced biomolecular switches are used throughout nature and, increasingly, throughout biotechnology for the detection of chemical moieties and the subsequent transduction of this detection into useful outputs. Here we show that the thermodynamics of these switches are quantitatively described by a simple 3-state population-shift model, in which the equilibrium between a nonbinding, nonsignaling state and the binding-competent, signaling state is shifted toward the latter upon target binding. Because of this, their performance is determined by the tradeoff inherent to their switching thermodynamics; while a switching equilibrium constant favoring the nonbinding, nonsignaling, conformation ensures a larger signal change (more molecules are poised to respond), it also reduces affinity (binding must overcome a more unfavorable conformational free energy). We then derive and employ the relationship between switching thermodynamics and switch signaling to rationally tune the dynamic range and detection limit of a representative structure-switching biosensor, a molecular beacon, over 4 orders of magnitude. These findings demonstrate that the performance of biomolecular switches can be rationally tuned via mutations that alter their switching thermodynamics and suggest a mechanism by which the performance of naturally occurring switches may have evolved.
B
inding-induced conformational changes are used in nature and, increasingly, in biotechnology for the detection of chemical moieties and the subsequent transduction of that recognition into useful outputs. Among the many examples offered by nature (1, 2) are the calmodulin proteins, which regulate cellular processes via a calcium-triggered conformational change (3, 4) , and the cytokine receptors, which signal through the cell membrane via a hormone-induced conformational change (5, 6) (Fig. 1, Top) . Other examples include intrinsically disordered proteins, which regulate multiple cellular processes when they fold upon binding to their target ligands (7) (8) (9) , and riboswitches, which regulate translation via a metabolite-induced conformational change in the mRNA leader sequence (10) . Similar structure-switching biomolecules, either naturally occurring (11) (12) (13) (14) , artificially selected (15) (16) (17) (18) (19) (20) (21) , or rationally designed examples (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , have been used for diagnostic applications (31) in synthetic biology (32, 33) and in situ real time imaging (34) . Examples of these include synthetic riboswitches for the control of gene expression (26) and metabolic pathways (33) , fluorescent sensors for the detection of intracellular calcium (11) (Fig. 1, Middle) , and molecular beacons for the detection of specific oligonucleotide sequences (22) (Fig. 1, Bottom) .
Ligand-induced biomolecular switches are generally thought to function via a 3-state population-shift mechanism ( Fig. 1 ) in which the naturally occurring equilibrium between a nonbinding, nonsignaling state, and the binding-competent signaling state, is shifted toward the latter upon target binding (35) (36) (37) (38) (39) (40) (41) [n.b., their kinetics may be equally simple (14) or significantly more complex (42, 43) ]. Because of this, the function of binding-induced switches embodies a tradeoff: While a switching equilibrium constant shifted toward the nonbinding conformation ensures a larger signal change (more molecules are poised to respond), it also reduces affinity (binding must overcome a more unfavorable conformational free energy). This, in turn, implies that, as previously noted, the thermodynamics of switching will affect the switch's dynamic range (28, 37, 44) and detection limit (28, 45) . Starting from these qualitative arguments, we derive here a quantitative population-shift model and employ it to: (i) Describe and test the relationship between switch signaling and switching thermodynamics and (ii) rationally optimize the performance of a representative switch. The implications of these findings for the evolution of natural biomolecular switches are also discussed.
Results
To elucidate the relationship between switching thermodynamics and signaling, we have studied molecular beacons ( Fig. 1,  Bottom) , synthetic biomolecular switches developed by Kramer and coworkers (22) , and widely used in the diagnosis of genetic and infectious diseases (31, 46, 47) . Consisting of a stem-loop DNA modified with a fluorophore/quencher pair, molecular beacons provide an ideal test bed for our studies; their simple, stem-loop structure separates the determinants that define affinity (the loop) from those that define the switching equilibrium (the stem). From the perspective of the population-shift model, the mechanism of molecular beacons relies on the equilibrium between the non-emissive stem-loop conformation (the nonbinding state) and the emissive extended conformation (the binding-competent state) that is shifted to the latter upon hybridization with a complementary oligonucleotide (Fig. 1,  Bottom) .
We have constructed a set of 6 molecular beacons that retain a common loop sequence (and thus maintain a constant intrinsic affinity, K D int , for their target) but differ in their stem sequences (thus modulating the switching equilibrium constant, K S ). To determine the switching equilibrium constant of each variant, we used urea denaturation (Fig. 2) , a method that has seen widespread use in the determination of folding free energies (48, 49) . The unfolding curves of all 6 of our molecular beacons are well-fitted as 2-state unfolding transitions with switching equi-librium constants ranging from 1.1 (Ϯ0.2) (stem 0GC) to 5.5 (Ϯ0.7) ϫ 10 Ϫ5 (stem 5GC).
The Relationship Between the Switching Equilibrium Constant and Switch Dynamic Range. Because target binding to the loop must compete with the unfavorable cost of breaking the stem, the observed binding affinities (K D obs ) of our switches differ from the intrinsic affinity (K D int ) of the 13-base loop that serves as our recognition element (Fig. 3, Top) . Specifically, the observed affinities of our molecular beacons range from 10.4 (Ϯ1.4) nM to 330 (Ϯ74) M, as the switching equilibrium, K S , varies from 1.1 to 5.5 ϫ 10 Ϫ5 . Of note, while all 6 molecular beacons are similarly fluorescent in their bound state, the less stable molecular beacons (those containing 0 or 1 GC base pair in their stems) fluoresce significantly even in the absence of target (Fig.  3, Top) . This occurs because their switching equilibria are relatively large (K S Ͼ 0.05), and thus a significant fraction of these molecules are in the extended (and thus emissive), bindingcompetent state even in the absence of target.
The 3-state population-shift model ( Fig. 1 ) predicts a specific relationship between switching thermodynamics and observed affinities, K D obs (50) . In this model, K D obs is given by:
where K D int is the intrinsic affinity of the binding-competent state. Consistent with this prediction, we find that the switching equilibrium constants (Fig. 2 ) and observed affinities (Fig. 3 , Top) of our 6 molecular beacons are well-fitted by this equation (Fig. 3, Bottom) . That is, if the switching equilibrium constant shifts toward the nonbinding state by 1 order of magnitude (approximately equivalent to one AT to GC base pair substitution), the observed affinity of the switch, and therefore its dynamic range, shifts by the same factor toward higher target concentrations. This relationship thus quantitatively describes how the dynamic range of a biomolecular switch may be tuned to respond to different target concentrations by simply changing its switching equilibrium constant (44) . Moreover, because changes to the switching equilibrium constant do not alter the binding motif itself, they provide a means of shifting the observed affinity without affecting the specific interactions that the recognition site makes with its target (44) .
Optimizing Switching Thermodynamics. The range of concentrations over which a switch robustly responds to its target can be pushed arbitrarily high by shifting the switching equilibrium constant arbitrarily low. The converse, however, is not true: As K S increases, the population of molecules that are in the nonbinding, nonsignaling, state in the absence of target also decreases, ultimately leading to not enough switches left to generate sufficient population shift upon target binding. Because of this, the lowest concentrations over which a switch will respond robustly (i.e., the lowest detection limits for structureswitching sensors) are achieved at intermediate values of K S . To The thermodynamics of binding-induced biomolecular switches can be described via a 3-state population-shift model, in which target binding shifts a preexisting equilibrium between the binding-competent and nonbinding states. As such, the signaling properties of these switches embody a tradeoff: While a switch equilibrium favoring the nonbinding state increases the potential signal change (more molecules are poised to respond), it also reduces the observed affinity (binding must overcome a more unfavorable conformational free energy). Shown here are 3 examples. (Top) The binding of erythropoietin (Epo) to its membrane receptor (a dimeric protein) activates the autophosphorylation of the intracellular JAK kinases by shifting the population of receptors to a conformation in which the kinases are in proximity (5). (Middle) Calmodulin, a naturally occurring calcium responsive switch, has been converted by Tsien and coworkers into a fluorescent calcium sensor (11) . (Bottom) DNA molecular beacon in which the equilibrium between a nonfluorescent, nonbinding ''stem-loop'' conformation and an extended, binding-competent conformation is perturbed when a target sequence hybridizes with the latter, leading to a large increase in fluorescence emission (22) .
Fig. 2.
To explore the relationship between switching thermodynamics and switch performance, we have fabricated a set of molecular beacons differing only in the stability of their nonbinding, stem-loop conformation. We did so by varying the GC content of their stems while retaining a constant recognition loop sequence. We determined the switching equilibrium constant (K S) of each sensor using urea melting (48) (except for molecular beacon 5GC; see Fig.  S1 ) and found that they span the range from 1.1 (0.2) (0GC) to 5.5 (0.7) ϫ 10 Ϫ5 (5GC) (corresponding to free energies of 0.2 (0.5) to Ϫ26.0 (1.0) kJ mol Ϫ1 , respectively).
determine the optimal value, we have derived the equation describing the readout of a binding-induced switch, F(T), as a function of the switching equilibrium constant, K S , the target concentration, [T], the intrinsic association constant K A int (equivalent to 1/K D int ), and the signals of the nonbinding, binding-competent, and bound states (F NB , F BC , and F B ). (Note that although the signals of the binding-competent and bound states should be, in principle, identical, our experience with structure-switching biosensors indicates that target binding often affects the signaling of the binding-competent state, and thus we have generalized our model to cases in which F BC F B ). For the molecular beacons used here, the bound state is Ϸ10% more fluorescent than the binding-competent state (22) (see Fig. 4 ). Using the 3-state population-shift model (Fig. 1) , the fluorescence as a function of target concentration is given by:
where we then obtain:
where ⌬F BC-NB reflects the difference in the fluorescence of the binding-competent and nonbinding states (F BC -F NB ), ⌬F B-NB the difference in the fluorescence of the bound and nonbinding states (F B -F NB ), and F BG the background fluorescence of the sample and fluorimeter. The signal change obtained upon addition of target, ⌬F ϭ F(T)-F (0), is then given by:
Consistent with the 3-state population shift model, the signal changes produced by our 6 molecular beacon switches are accurately fitted by Eq. 3 (Fig. 4, Left) , with a bell-shaped relationship between signaling intensity and switching equilibrium constant that reflects the compromise required to obtain the optimal signaling. At relatively high target concentrations, we note that the observed signal change remains within 95% of its optimal value over a fairly broad range of K S (at 10 M target, for example, which is 1,000 times K D int , signaling remains near optimal as K S varies from 0.004 to 0.15; Fig. 4, Right) . At lower target concentrations, however, the optimal range of K S is narrower and is shifted to higher values (e.g., for 1 nM target, which is 1/10 K D int , K S between 0.7 and 2 are all near optimal). And while nontrivial affinity between the fluorophore and quencher (51) prevents us from exploring values of K S Ͼ 1 experimentally (Fig. S1) , simulations indicate that, as anticipated, the signal change diminishes at higher-than-optimal values of K S (Fig. 4, Right) .
Detection limits are often expressed in different forms and depend on many parameters, including, for example, the background arising from the instrumentation. Nevertheless, we can explore the relationship between K S and detection limit under our own specific experimental conditions. If, for example, we define the detection limit as the minimum target concentration that produces a given change in absolute fluorescence, ⌬F, then Eq. 3 indicates that optimal signaling will be reached at K S ϭ 1, when 50% of the switches are in the nonbinding states, irrespective of the fluorescence change between the bound and nonbinding states, ⌬F B-NB (Fig. 5 , Left, black and gray dotted lines). Consistent with this, if we define the detection limit as the minimum concentration producing 5% of the maximum possible signal change (⌬F ϭ 0.05⌬F B-NB ), which is the smallest change that we can robustly measure using molecular beacons on our fluorimeter, we achieve a minimum detection limit of 3 nM using Fig. 3 . The dynamic range (and observed affinity) of a binding-induced biomolecular switch is directly coupled to its switching equilibrium constant, K S. (Top) Molecular beacon 0GC, for example, which exhibits the highest switching equilibrium constant (i.e., has the least stable stem), exhibits the greatest apparent affinity for the target DNA sequence (K D obs ϭ 10.4 Ϯ 1.4 nM). As the equilibrium constant is reduced (i.e., as the nonbinding stem-loop conformation is stabilized), the dynamic range of the switch shifts to higher target concentrations. Switching equilibrium constants higher than 0.05 (molecular beacons 0GC and 1GC) however, lead to reduced fluorescence changes since the population of the binding-competent signaling conformation observed in the absence of target increases. (Bottom) The relationship between the switching equilibrium constant and the affinity, K D obs , is well-described (dotted line; R 2 ϭ 0.95) by the 3-state ''population-shift'' model with KD int ϭ15 Ϯ 6 nM (Eq. 1). molecular beacon 0GC, for which K S Ϸ 1 (Fig. 5 , Left, black dotted line and large circles). In comparison, the detection limit of molecular beacon 5GC, for which K S ϭ 5.5 ϫ 10 Ϫ5 , is 4 orders of magnitude poorer (large circles).
For some applications, it may be preferable to define the detection limit using relative signal gain, [F(T)-F (0)]/F(0), rather than, as discussed above, absolute signal change. For example, while a change from 10 to 11 units and a change from 100 to 101 units both represent a 1 unit absolute signal change, the relative gain in the former case is an order of magnitude larger (10% versus 1%, respectively) and thus, typically, much easier to measure. To quantify signal gain we apply Eq. 2 and find that:
This definition of detection limit is therefore more dependent on F(0), the f luorescence in absence of target, and takes into account the background f luorescence, F BG , which depends on the f luorescence of any contaminants, the residual f luorescence of the nonbinding state, F NB , and is more sensitive to the f luorescence of any switch that is in the binding-competent state in the absence of target (see denominator in Eq. 4). Under these conditions, the optimal value of K S is no longer fixed at unity, as it was for the absolute signal gain, but will generally necessitate lower K S values as F BC increases relative to F NB (or as ⌬F BC-NB increases) to minimize the background signal arising from molecules that are in the bindingcompetent state even in the absence of target. For example, within our experimental and instrumental setups, we can typically measure a signal gain of 10% which, given ⌬F BC-NB , produces the optimal detection limit at K S ϭ 0.3 (Fig. 5 , Right, black dots and black arrow). If, however, ⌬F BC-NB were larger, the optimal gain would be achieved at still lower values of K S , as this minimizes the signal observed in absence of target and thus reduces the denominator in Eq. 4 (Fig. 5 , Right, gray dotted line).
Discussion
The population-shift model accurately describes the thermodynamics of molecular beacons and, presumably, other structure-switching biosensors and biomolecular switches. As predicted by the model, the dynamic range of a switch is changed by an order of magnitude toward higher target concentrations for each order of magnitude that the switching equilibrium shifts toward the nonbinding state (Fig. 3) . Likewise, as predicted, the lowest detection limits of a switch are achieved at intermediate values of the switching equilibrium constant, which provide the optimal compromise between achieving a large population shift (low K s ) without overstabilizing the nonbinding state and thus reducing the switch affinity (high K S ) (Figs. 4 and 5) . Specifically, K S values near 1 are optimal if detection limits are defined in terms of absolute signal change (Figs. 4 and 5, Left) , while lower K S values are optimal if detection limits are defined in terms of relative signal gain (Fig. 5, Right) .
The findings described here provide a route to tuning the binding and signaling properties of binding-induced biomolecular switches and structure-switching biosensors without changing the specific complementarities of their binding interfaces [see also (44) ]. This approach is likely quite general. For example, as illustrated here, the equilibrium constants of DNA or RNA switches can be rationally varied by altering the strength of their Watson-Crick base pairing. In support of this, nucleic acid folding and hybridization prediction programs, (Right) An alternative representation of the same curves using a simulation of the molecular beacon signaling indicates that signaling is a stronger function of K S at lower target concentrations. Shown is the range of switching equilibrium constants over which near-optimal signaling is obtained (gray, Ͼ80%; black, Ͼ95% of the maximum signal change) as a function of target concentration. The fits were performed by fixing ⌬F B-NB (4.5; Fig. 3, Top) , and KA int (6.7 ϫ 10 7 M Ϫ1 ; derived from Fig. 3, Bottom) . The best simultaneous fit gave ⌬FBC-NB ϭ 4.05 [or FBC ϭ 0.9F B, i.e., the molecular beacon bound state is significantly more fluorescent than its unfolded state (22) such as mfold, provide relatively accurate estimates of specific RNA or DNA conformations (52) . Similar approaches can be, and indeed, have already been used to tune the switching thermodynamics of protein-based switches. And while the lack of a simple base-pairing code renders the rational optimization of their switching thermodynamics more complex, several approaches to tuning the switching equilibria of proteins have been reported (37) . For example, Marvin and Hellinga identified a key residue that controls the switching thermodynamics of the bacterial perisplasmic binding protein superfamily simply by comparing the structures of their bound and unbound states (44) . Abadou and Desjarlais have stabilized the nonbinding conformation of the N-terminal EF-hand domain of calmodulin-and thus reducing its calcium binding affinity-by replacing partially buried polar residues with hydrophobic residues (53). Springer, Mayo, and colleagues have used computational redesign of hydrophobic cores to specifically stabilize the open ''binding-competent'' or closed ''nonbinding'' states of the Mac1 integrin I (54). Lockless and Ranganathan have developed a technique termed statistical coupling analysis that employs evolutionary data to map residues that control conformational switching (55, 56) . Finally, we have shown that binding-induced protein folding, which is perhaps a more generic protein-based switching mechanism (7) (8) (9) 57) , is readily tuned via substitutions distant from the binding interface that stabilize or destabilize the native state (14) . In addition to providing a rational framework to guide the design of optimized structure-switching biosensors, the thermodynamic principles presented here may also improve our understanding of the mechanisms behind the evolution of naturally occurring biomolecular switches. An example of this is provided by the 2 homologous calcium binding EF-hand domains of calmodulin which, despite 75% sequence homology, differ significantly in their calcium affinity (58 -60) . The apo form of the lower affinity domain adopts a closed, nonbinding conformation that is stabilized by a well-buried phenylalanine (3, 60) . In contrast, in the higher affinity domain, this residue is replaced by the more hydrophilic tyrosine, which is thought to promote a partially open, bindingcompetent state that, in turn, leads to improved calcium binding (3, 60) . The distinct calcium affinities of the 2 domains, in turn, are thought to play an important role in the ''wrap around'' mechanism by which calmodulin binds many of its polypeptide targets by supporting the sequential attachment of the domains as the calcium concentration increases (4, 60) . A second set of examples is provided by the intrinsically disordered proteins, proteins that only fold upon binding to their specific target (7) (8) (9) . This binding-induced folding-switch mechanism, which has been used in several protein-based biosensors (14, 57) , has been proposed as an efficient strategy by which nature reduces the affinity of biomolecules without simultaneously reducing their specificity (8, 61) . As our knowledge of the thermodynamics of natural biomolecular switches progresses, it will be interesting to uncover how their switching thermodynamics have evolved to achieve optimal performance in vivo.
Materials and Methods
HPLC-purified molecular beacons modified with a 5Ј-FAM and a 3Ј-BHQ-1 and aliquots of the 13-nucleotide target were purchased from Sigma-Genosys (all constructs possess an additional Adenine nucleotide, after the FAM, and Guanine nucleotide, before the BHQ-1). Ultrapure urea was obtained from USB Corporation. All experiments were conducted at pH 7.0 in 50 mM sodium phosphate buffer, 150 mM NaCl, at 45°C. All fluorescence measurements were obtained using a Cary Eclipse Fluorimeter (Varian) with excitation at 480 (Ϯ 5) nm and acquisition between 514 and 520 nm using either 5 nm (unfolding curves) or 20 nm (binding curves) bandwidths. Urea unfolding curves were obtained using 500 nM of molecular beacon by sequentially increasing (or decreasing for 4GC, 5GC) the urea concentration of a 0 M urea sample (8 M for 4GC, 5GC) with 8 M urea (0 M for 4GC, 5GC) containing the same concentration of molecular beacon. The fluorescence of the open state was set relative to 1. (Left) When the detection limit is defined as the target concentration that produces an absolute signal, ⌬F, that is 5% of the maximum possible signal change (⌬F ϭ 0.05⌬F B-NB, which reflects a realistic detection limit for our fluorimeter), the optimal switching equilibrium constant is near unity (arrow). This optimal value is also independent of the relative fluorescence of the bound and nonbinding states (gray dotted line). At still higher values of K S, the detection limit becomes poorer, although the magnitude of this effect depends on the difference in the fluorescence of the bound and binding-competent states (compare crosses and dotted line). (Right) If, in contrast, the detection limit is defined as the target concentration that produces a 10% change in relative fluorescence (a realistic detection limit for our fluorimeter), the optimal switching equilibrium constant is near 0.3. Under this definition of detection limit, however, the optimal value of K S is obviously sensitive to ⌬FBC-NB; the higher this latter value is, the lower the optimal KS will be to minimize the population of switches in the binding-competent state that signal in absence of target [i.e., minimize F (0); see Eq. 4]. All simulations were performed using F BG ϭ 0.23 (background fluorescence), FNB ϭ 0.04 (obtained using Fig. 3, Top) , and KA int ϭ 6.7 ϫ 10 7 M Ϫ1 (Fig. 3, Bottom) . ⌬FBC-NB was set to 0.9 ⌬FB-NB for all simulations (unless specified), as it is observed experimentally for our molecular beacons (Fig. 4) .
The switching equilibrium constants of all molecular beacons (stability of the nonbinding state) were obtained by global fitting the unfolding curves with a 2-state folding/unfolding model (48) using the same average m-value (2.4 kJ mol Ϫ1 M Ϫ1 ) and same values for the effect of the urea on the fluorescence of the folded (0.011 M Ϫ1 ) and unfolded-state (Ϫ0.0087 M Ϫ1 ) as obtained for the molecular beacons 5GC and 0GC, respectively. The 5GC molecular beacon is relatively stable to denaturation by 8 M urea (Fig. 2) , and thus its free energy was estimated using the mfold prediction algorithm (51) (see Fig. S1 ). Binding curves were obtained using 3 nM molecular beacon by sequentially increasing the target concentration via the addition of small volumes of solutions with increasing concentration of target and the same molecular beacon concentration. All binding curves (Fig. 3, Top) were normalized by setting the bound state fluorescence to the F B obtained for 0GC (4.5) , and the observed KD were obtained using:
Simulations (Figs. 4 , Right, and 5) were generated using Eq. 3 (absolute signal change) or Eq. 4 (signal gain) by determining the signal change or signal gain produced by the addition of various concentrations of target for each molecular beacon.
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Vallé e-Bé lisle et al. 10 .1073/pnas.0904005106 Fig. S1 . Molecular beacon 5GC is very stable as such, as 8 M urea does not fully unfold it (Fig. 2 ), rendering it difficult to measure its switching thermodynamics experimentally. Instead we estimated its switching thermodynamics (open circle) using the strong relationship observed between the mfold predicted and experimentally observed free energies of the 5 less stable molecular beacons (slope: 1.00 Ϯ 0.06, R 2 ϭ 0.98). Of note, the stability of all 5 of the less stable molecular beacons were offset by 7.6 Ϯ 0.6 kJ mol Ϫ1 from their predicted mfold values (dashed lines), presumably due to a strong, favorable interaction between the attached fluorophore (FAM) quencher (BHQ-1) pair (51) .
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